Experimental
Introduction
Multiresidue method development in fruits and vegetables can be challenging due to the fact that compounds of different polarities, water solubilities, volatilities, dissociation constant (pKa) and 1-octanol-water partition coefficient (log Kow) values have to be simultaneously extracted and analyzed. Several multiresidue methods for the determination of multiclass pesticides in crops using gas chromatography for the separation of individual compounds, followed by detection with selective and sensitive detectors, such as MS, 1-2 ECD, 3 FID, 4 FPD, 5 NPD 6 and MS-MS 7 have been proposed. A number of solvents have been used for multiresidue extraction; the most common include acetone, 8 ethyl acetate, 9 acetonitrile, 10 dichloromethane, 7 hexane 11 and methanol. 12 Sample clean-up techniques include liquid-liquid partitioning using various solvents, 13 gel permeation chromatography, 14 solidphase extraction, 15 matrix solid-phase dispersion (MSPD), 16 supercritical fluid extraction, 17 solid-phase microextraction 18 and single-drop microextraction. 19 The requirement for clean up will strongly depend on the selectivity and sensitivity of the detection techniques employed in the determination of pesticide residues.
Riediker et al. described a simultaneous analysis of the pesticides Chlormequat and Mepiquat at trace levels in crops. The method entailed the direct injection of food extract onto an on-line SPE using a strong cation-exchange resin. 20 Blanco et al. compared single-drop microextraction (SDME) with solid phase extraction (SPE) and solid phase microextraction (SPME) for determining α-endosulfan and bendosulfan in water samples using gas chromatography with an electron-capture detector. His results show that the limit of detection of the investigated pesticides was 0.01 mg/kg using SDME, 0.02 mg/kg using SPE and 0.06 mg/kg using SPME. 19 The aim of this work is to develop an extraction and clean-up method to determine multiclass pesticides, which are widely used in fruits and vegetables in Malaysia using gas chromatography.
A new extraction and cleanup procedure with gas chromatography was developed for the sensitive determination of acephate, dimethoate, malathion, diazinon, quinalphos, chlorpyrifos, profenofos, α-endosulfan, b-endosulfan, chlorothalonil and carbaryl using 1-chloro-4-fluorobenzene as an internal standard in fruits and vegetables. Several extracting and eluting solvents for solid-phase extraction were investigated. The overall extracting solvent with a mixture of acetone:ethyl acetate:hexane (10:80:10, v/v/v) and a eluting solvent of 5% acetone in hexane used with the RPC18 cartridge gave the best recovery for all of the investigated pesticides, and minimized the interference from co-extractants. Under the optimal extraction and clean-up conditions, recoveries of 85 -99% with RSD < 5.0% (n = 3) for most of the pesticides at the 0.02 -0.5 mg/kg level were obtained. The limit of detection was between 0.005 -0.01 mg/kg and the limit of quantification was 0.01 mg/kg. This analytical procedure was characterized with high accuracy and acceptable sensitivity to meet requirements for monitoring pesticides in crops. 
Materials for solid-phase extraction
A LC-18 (octadecyl, 10%, endcapped) with a surface area of 900 m 2 /g, and particle size of 80 -160 μm, was obtained from Supelco, USA. Other sorbents tested were LC-Silica Gel (100 -200 mesh), LC-Florisil (magnesium silicate, 100 -200 mesh), LC-Alumina-N (60 -325 mesh), and LC-8 (octyl, 7%, endcapped).
Instruments
A Shimadzu GC solution version 2.21 gas chromatograph with an electron capture detector (ECD 17A version 2) was used. A SGE BPX5, 30 m × 0.32 mm i.d. capillary column with a 0.25-mm film, was used in combination with the following oven temperature program: initial temperature of 120˚C held for 1 min, 8˚C/min ramp to the final temperature at 250˚C, held for 2.5 min. The injector temperature was at 250˚C and the detector temperature was at 300˚C. Nitrogen gas (99.999%) was used as the carrier gas with a gas flow of 27.3 cm/s linear velocity and a pressure of 105 kPa. Confirmatory analyses were carried out on a Hewlett-Packard system 6890 gas chromatograph coupled with a HP Model 5972A quadrupole mass spectrometer; with a cross-linked 5% phenyl methyl siloxane capillary column (HP-5MS, 30 m × 0.25 mm i.d. × 0.25 μm film thickness). Data acquisition and processing were provided by a Vectra VL 5/90 Series 3 computer equipped with a HPG 1030A Chemstation data system.
The chromatographic column and the temperature program were both similar to those used with GC-ECD. Ultra pure helium at a flow rate of 1.3 ml/min was employed as the carrier gas. The injection-port temperature and transfer-line temperature were maintained at 250˚C and 280˚C, respectively. The ionsource temperature was set at 280˚C for the 70 eV electronimpact mode. The dwell time was adjusted so that the number of cycles per second would be 1.5 throughout the chromatographic run, providing a sufficient number of chromatographic points for all compounds. In all analyses, 2 μL of extract was injected in the split-mode ratio of 1:35. The GC-MS system was set in the selective ion-monitoring (SIM) mode, and each compound was quantified based on the peak area using one target and two qualifier ions.
Optimization of extraction and clean-up procedures
A preliminary study was carried out to optimize the extraction and clean-up procedures.
For optimizing the extraction procedure, three extraction solvents (acetone, ethyl acetate and hexane) were investigated.
For optimizing the clean-up procedure, several sorbents were tested to optimize the SPE conditions. Among the sorbents tested were LC-18, LC-Silica Gel, LC-Florisil, LC-Alumina-N, and LC-8. For further optimization, the sorbent mass (100 and 500 mg) and elution solvent strength (hexane with various percentages of ethyl acetate, acetonitrile, acetone, methanol and diethyl ether) were varied to assess the optimal conditions.
Samples
In order to evaluate the pesticide recoveries, 2 types of vegetables (cucumber and spring onion) and 2 types of fruits (strawberry and papaya) were obtained from pesticide-free farms under study. A known volume of each standard stock solution was added to blank control samples to obtain spiked control samples. The recoveries of pesticides were determined by comparisons of the ratio of the analyte against internal standard from the spike samples with that of the standard calibration solutions.
Analytical procedure
The samples were finely chopped and homogenized with a blender. A subsample of 10 g was accurately weighed and placed in a 250 ml conical flask. A 100-μL volume of the standard stock solution was spiked into the sample to provide a spiked control sample. The mixture was thoroughly mixed, and 20 ml of an extraction solvent was added. The solution was sonicated for 15 min in an ultrasonic water bath to homogenize the sample solution. The supernatant liquid was filtered and concentrated to 1 ml under a gentle stream of nitrogen gas.
Solid-phase extraction (SPE) and cleanup
Solid-phase extraction was carried out using RPLC18 Supelclean SPE tubes (100 mg/ml). A Visiprep vacuum manifold was used for the simultaneous extraction of 12 samples; 1 mg of sodium sulfate anhydrous was loaded on the SPE tube prior to conditioning it with 2 ml of methanol, followed by 2 ml of deionized water. The sorbent was never allowed to dry during the conditioning and sample-loading steps.
Exactly half of the extract (equivalent to a 5 g sample) was transferred to the reservoir, which was partially filled with deionized water. Sample loading was performed under a vacuum using a flow rate of 5 ml/min. After passage of the sample, the sorbent was dried by vacuum aspiration under an increased vacuum for 15 min. The pesticides were eluted with three 2 ml portions of the eluting solvent. The eluates were collected in a 15 ml tube under gravity flow. The eluate was evaporated to 1 ml under a gentle stream of nitrogen, and solvent exchange to hexane was performed by adding two 2 ml portions of hexane and evaporating to a low volume after each addition. The extract was transferred to a 5 ml GC vial and concentrated to 1 ml by a gentle stream of nitrogen gas; 100 μL of an internal standard solution was added to the vial, and 2 μL was injected into the GC-ECD. The concentration of the sample represented by the extract was 5 g/1100 μL.
Results and Discussion
In multiresidue monitoring, the most important issues are the selectivity and sensitivity of the method, confirmation of the positives, accuracy of quantitation, fast analysis and cost in resources. Due to the wide range of polarities, the water solubilities and volatilities of modern pesticides, compromises are often made regarding these issues.
Matrix effects
The occurrence of matrix effects in GC is well known, and has an impact on the quantification of pesticides. Matrix effects can both reduce and enhance the response when compared to standards in neat solvents. Matrix effects depend on the instrument and interface used, analytes, the matrix (amount of matrix per ml of extract) and the sample pretreatment procedure.
As part of the selection procedure of the extraction solvent, 2 types of fruits (strawberry and papaya) and 2 types of vegetables (cucumber and spring onion) were selected for evaluating the matrix effects.
Selection and optimization of extraction procedure
The extraction of pesticide residues depends on the polarity of the pesticides as well as on the type of sample matrix. Because of the wide range of polarity and solubility exhibited by the compounds investigated, a single neat solvent system cannot provide acceptable recoveries. For multiresidue analysis, three extraction solvents (acetone, ethyl acetate and hexane) were investigated. Acetone was selected as one of the solvents for the extraction of pesticides because of its effectiveness of polar and nonpolar pesticides from a diverse range of matrices. Its other advantages include low toxicity and cost, miscibility with water and ease of evaporation.
Ethyl acetate was considered because it is sufficiently polar to extract polar compounds and sufficiently miscible with water to allow good penetration into plant cells. Besides, ethyl acetate is not hazardous and has lower disposal costs when compared to halogenated solvents. Hexane was also considered to be one of the investigated solvents, because it has an ability to lower the extraction of a polar co-extractive. Figure 1 shows the average recoveries of the investigated pesticides at three levels of spiking using various combinations of the investigated extraction solvents. Overall, extraction solvents with a mixture of acetone:ethyl acetate:hexane (10:80:10, v/v/v) exhibited the best recoveries for all of the investigated pesticides. The average recoveries for all of the investigated pesticides were in the range of 81 to 88% with an RSD of less than 2.0% for three levels of concentrations.
Even in the case of the lowest recovery (81%), the overall repeatability and sensitivity of the method were good enough to ensure a reliable determination at levels lower than the respective MRL (Table 3) .
In this mixture, the proportion of acetone ensures penetration of the plant samples. Moreover, the combination of acetone and ethyl acetate is sufficiently polar to extract a wide range of pesticides, whereas hexane lowers the extraction of polar coextractives.
The least polar extraction solvent, hexane, showed no matrix effect for most of the organophosphorus pesticides. However, an enhancement was observed when using ethyl acetate and acetone. The trends observed for all of the investigated samples were very similar, supporting earlier observations that the differences in matrix effects between commodities are usually much smaller than the difference between any matrix and clean standard solutions.
In addition, by switching to more polar extracting solvents (e.g. acetone:ethyl acetate, 10:90 v/v and acetone:ethyl acetate: hexane, 20:70:10, v/v/v), higher recoveries together with poorer precision of repeated injections were obtained for very polar pesticides, especially for acephate (>126%) and dimethoate (>125%). Besides, the extracts from the extraction methods were heavily pigmented, containing large amounts of matrix coextractants.
Selection and optimization of the clean-up procedure
In addition to the extraction efficiency of residues from the matrix, the performance characteristic of a cleanup step is closely related to the quality of the generated data. The concentrated sample extracts prior to clean-up may contain a high content of co-extractives, which can damage the capillary GC column, as well as resulting in a matrix enhancement effect. Moreover, co-extractives that accumulate in the injector and at the front end of the column may increase the retention time of certain analytes. Thus, the clean-up procedure is important to remove any co-extracted compounds that may interfere in the chromatographic determination, or be detrimental to the analytical instrumentation.
The efficiency of SPE depends on the type and quantity of the sorbent, sample volume, flow rate and its pH as well as the volume of the elution solvent. In initial experiments, several sorbents were tested to optimize the SPE conditions. Among the sorbents tested were LC-18, LC-Silica Gel, LC-Florisil, LCAlumina-N, and LC-8.
The best results, representing a compromise between good recoveries for polar and non-polar pesticides, were obtained for RPLC-18. For further optimization, the sorbent mass (100 and 500 mg) and elution solvent strength (hexane with various percentages of ethyl acetate, acetonitrile, acetone, methanol and diethyl ether) were varied so as to assess the optimal conditions; 100 mg of RPLC-18 yielded higher average recoveries than 500 mg of RPLC-18.
For a further study, solid-phase extraction was carried out using reversed-phase LC18 superclean SPE tube (100 mg/ml), consisting of silica-based packing of 40 μm particles, 60A pores.
Because the cleanest extracts were obtained by using mixtures of acetone and hexane as the eluting solvent, this combination was selected for further experiments. By switching to more polar eluting solvents, such as methanol:hexane, interfering peaks were more prominent; however when a less-polar eluting solvent was employed, such as diethyl ether:hexane, the recoveries of polar pesticides (e.g. acephate and dimethoate) were reduced. Figure 2 shows the effect on the percentage of the average recoveries of acephate, quinalphos and α-endosulfan using various percentages of acetone in hexane as the eluting solvent. The trends observed for all 3 pesticides were similar indicating that the best conditions for the eluting solvent were achieved by 5% acetone in hexane. Figures 3 and 4 show chromatograms of the investigated pesticides prior to cleanup and after cleanup using 5% acetone in hexane as the eluting solvent. The SPE cleanup of the extract using 5% acetone in hexane is effective for removing the majority of the co-extracted pigment in the extract.
Analytical GC performance
All of the investigated pesticides exhibited good gas chromatographic properties, and could be identified in a direct manner without any overlap. The regression equations were obtained by plotting the analyte-to-internal standard peak-area ratio against the analyte concentrations, using 6 points per curve. The m/z values used for identification in the electron impact ionization mode, relative retention time, R2 values, linear ranges, limit of detections and RSD values are given in Table 1 .
Recovery study
The recoveries and linearity of the method were examined on pesticide-free cucumber, spring onion, strawberry and papaya. Calibration standards were prepared by standard additions of the pesticides to 10 g of samples to obtain concentrations ranging from 0.01 to 5 mg/kg. Calibration graphs of the pesticide-tointernal standard peak area ratios versus the pesticide concentration were constructed using a least-squares regression analysis in order to verify the linearity. The calibration curve of each analyte was linear for its respective LOQ up to 5 mg/kg with correlation coefficients (R 2 ) of between 0.9975 and 0.9999.
The percentage recovery was determined in triplicates at three concentration levels (0.02 -0.5 mg/kg) by comparing the analyte/internal standard peak-area ratios from the spiked samples with that of the standard calibration solutions.
The intra-assay precision was assessed at the 0.05, 1.0 and 2.0 mg/kg levels by extraction and analysis on the same days of 6 fortified sample for each level. The detection limit (LOD) was determined as the lowest concentration giving a response of three-times the average of the base-line noise obtained from pesticide-free samples spiked with a mixed standard stock solution containing the 11 investigated pesticides. The limits of quantitation (LOQs) were determined as the lowest amount of a given pesticide giving a response that can be quantified with accuracy and an RSD lower than 20% (Tables 1 and 2) .
Satisfactory recoveries with the great majority above 85% were obtained from the four pesticide-free commodities spiked in triplicate at 0.02 -0.5 mg/kg, as shown by the data in Table 3 . No significant difference in recoveries between the four matrices was observed. The precision determined under the repeatability conditions was good, with the vast majority of RSDs being below 5.0%. 
Conclusion
A multiresidue method has been developed for the trace analysis of 11 common pesticides, which are widely used in fruits and vegetables in Malaysia. This method involves a rapid and nonselective extraction procedure using acetone:ethyl acetate: hexane (10:80:10, v/v/v). A 5% acetone in hexane solution was used as the eluent solvent on a RPC18 SPE cartridge, and gas chromatography with an electron-capture detector was used for determining the investigated pesticides. Confirmatory analyses were carried out using gas chromatography with a mass spectrometry detector.
This study also demonstrates that this method is simple, rapid, applicable to various fruits and vegetables and employed only small volumes of solvent per sample (2.3 ml acetone, 16 ml ethyl acetate, 7.7 ml hexane, 6 ml methanol).
The proposed multiresidue method was successfully applied to the extraction of cucumber, spring onion, strawberry and papaya. This method offers very low detection limits (0.005 
